Abstract Although the hormones, gibberellin and auxin, are known to play a role in the initiation of fruits, no such function has yet been demonstrated for abscisic acid (ABA). However, ABA signaling and ABA responses are high in tomato (Solanum lycopersicum L.) ovaries before pollination and decrease thereafter (Vriezen et al. in New Phytol 177:60-76, 2008). As a Wrst step to understanding the role of ABA in ovary development and fruit set in tomato, we analyzed ABA content and the expression of genes involved in its metabolism in relation to pollination. We show that ABA levels are relatively high in mature ovaries and decrease directly after pollination, while an increase in the ABA metabolite dihydrophaseic acid was measured. An important regulator of ABA biosynthesis in tomato is 9-cis-epoxy-carotenoid dioxygenase (LeNCED1), whose mRNA level in ovaries is reduced after pollination. The increased catabolism is likely caused by strong induction of one of four newly identiWed putative (+)ABA 8Ј-hydroxylase genes. This gene was named SlCYP707A1 and is expressed speciWcally in ovules and placenta. Transgenic plants, overexpressing SlCYP707A1, have reduced ABA levels and exhibit ABA-deWcient phenotypes suggesting that this gene encodes a functional ABA 8Ј-hydroxylase. Gibberellin and auxin application have diVerent eVects on the LeNCED1 and SlCYP707A1 gene expression. The crosstalk between auxins, gibberellins and ABA during fruit set is discussed.
dispersal. Therefore, there has been considerable research on fruit development, for which tomato has been used as a model system for physiological and molecular studies for a long time. The Wrst step of fruit development, fruit initiation, is very important from an agro-economical point of view. It is a very delicate phase that is sensitive to abiotic factors, which often decrease fruit set and thus reduce yields. From a developmental point of view, fruit initiation, commonly referred to as fruit set, is the stage at which the ovary makes the decision to abort or to proceed with further cell division and fruit development (Gillaspy et al. 1993) . Normally, fruit set is dependent on successful completion of pollination and fertilization (Gillaspy et al. 1993) . However, it is not known precisely how the signals from pollination and fertilization stimulate cell division and fruit initiation.
It has long been known that application of hormones such as auxins or gibberellins can induce fruit set in the absence of fertilization. The resulting parthenocarpic fruit growth is a clear demonstration of the importance of hormones in fruit initiation and development. There are a number of parthenocarpic tomato mutants, such as pat, pat2 and pat3/4, in which it was shown that the GA content and/or GA biosynthesis were increased signiWcantly (Mazzucato et al. 1998; Fos et al. 2000 Fos et al. , 2001 Olimpieri et al. 2007 ). Furthermore, overexpression of the iaaM gene, which encodes an enzyme involved in auxin biosynthesis, also induced parthenocarpic fruit development in tomato and many other species (Rotino et al. 1997; Mezzetti et al. 2004) . Changes in both GA and auxin content were thus associated with parthenocarpic phenotypes. The altered hormone balance in the ovary of parthenocarpic plants seems, therefore, to substitute for pollination and fertilization (Gorguet et al. 2005) .
Some of the genes functioning in the biosynthesis and signaling cascade of these hormones during fruit initiation have been identiWed recently. For instance, it was shown that expression of a GA 20-oxidase gene was induced by pollination in tomato (Rebers et al. 1999; Serrani et al. 2007) , and the importance of SlDELLA, which represses GA signaling and tomato fruit set, has also been demonstrated (Marti et al. 2007 ). In additional, IAA9 and ARF8, both transcriptional regulators of the auxin response, were shown to be part of an important signal for fruit set (Wang et al. 2005; Goetz et al. 2007 ). However, many other genes remain to be discovered and investigated. We have used transcript proWling to gain a better insight into the genes involved in fruit initiation, focusing on genes involved in hormonal signaling. Several groups of genes were found to have altered mRNA levels after pollination including genes involved in the cell cycle, posttranscriptional gene regulation, GA biosynthesis and auxin signaling (Vriezen et al. 2008) . Notably, several genes related to abscisic acid (ABA), such as ABA RESPONSE ELEMENT BINDING PROTEIN 1, ABA INSENSITIVE1-like genes, and dehydrin genes, were found to be highly expressed in mature ovaries while their expression decreased after pollination (Vriezen et al. 2008) . Many factors related to ABA signaling and ABA responses are thus higher in mature, unpollinated ovaries and are quickly reduced after pollination. ABA is known to play a role in seed and bud dormancy, and in the regulation of abiotic stress responses (Horvath et al. 2003; Bartels and Sunkar 2005; Finkelstein et al. 2008) . During tomato fruit development, its role is thought to be primarily restricted to the latter half of seed development in processes such as reserve deposition, desiccation tolerance and seed dormancy (Gillaspy et al. 1993) , and a role in the Wrst phase of fruit initiation has not been established. ABA has, however, been mentioned as a player in pea fruit set (GarciaMartinez and Carbonell 1980; Rodrigo and GarciaMartinez 1998) . Here, we describe the changes found in the levels of ABA and the ABA metabolites dihydrophaseic acid (DPA) and phaseic acid (PA) in tomato ovaries and the regulation of ABA biosynthesis and catabolism genes during fruit initiation. Our data suggest that ABA is an additional player in the regulation of tomato fruit set together with auxin and GA.
Materials and methods

Plant material
Tomato plants (Solanum lycopersicum L. cv. Moneymaker from Enza Zaden, Enkhuizen, The Netherlands) were grown under greenhouse conditions from March to October under a 16/8 h day-night rhythm. Supplementary lights (600 W high-pressure sodium lights) turned on below 200 W/m 2 and turned oV above 300 W/m 2 . Temperature was kept above 20°C during the light period and 17°C during the dark period with the PRIVA Integro versie 724 system. Plants were watered daily and given fertilizer weekly.
Treatments
Flowers were emasculated 3 days before full bloom (dbf) and at full bloom either hand pollinated or treated with 2 L of either 1 mM GA 3 (Duchefa Biochemie BV, Haarlem, The Netherlands) in 1% (v/v) ethanol or 1 mM 4-Cl-IAA (Sigma-Aldrich, St. Louis, MO, USA) in 2% (v/v) ethanol, or 1 mM ABA (Acros, Geel, Belgium) in 10% (v/v) methanol. 4-Cl-IAA is a more stable form of auxin than IAA and was used because it appeared to induce tomato fruit set more reliably than IAA. Control Xowers were treated with 2 L of the solvent (10% methanol or 1% ethanol). Hormone treatments were repeated after 2 days. Flowers were harvested 3 days after Wrst treatment unless otherwise noted. Plant material was sampled between 1100 and 1300 hours and directly frozen in liquid nitrogen. When necessary, plant material was dissected using binoculars and frozen thereafter in liquid nitrogen. The diVerent tissues were dissected from young Xowers that were about 3 dbf. Roots and hypocotyls were isolated from 10-day-old seedlings.
ABA analysis
Abscisic acid was quantiWed in triplicates by GC-MS as described for GA analysis (GriYths et al. 2006) , but with modiWcations. Freeze-dried samples were homogenized in 50 mL 80% (v/v) methanol/water in 100 mL Xasks after which 300 ng 3-methyl-[ 2 H 3 ]ABA was added as internal standard. Samples were puriWed as described previously except that the pooled ethyl acetate phases after elution from the Varian Bond Elut NH 2 cartridge (100 mg; Kinesis, St. Neots, UK) were evaporated to dryness in vacuo, and dissolved in ethyl acetate (20 L) of which 2 L was injected into a TR-1 capillary column (30 m £ 0.25 mm £ 0.25 mm Wlm thickness; Thermo Fisher ScientiWc, Madison, WI, USA) at 50°C. The split valve (50:1) was opened after 2 min and the temperature increased at 20°C/min to 180°C and then at 4°C/min to 300°C. Real-time quantitative PCR (Q-PCR) primers were designed using a computer program (Beacon Designer Software, Premier Biosoft International, CA, USA). Alignments of genes that were part of a gene family were made and gene speciWc DNA pieces were used for primer design. Primer pairs are depicted in Table 1 . SpeciWcity was tested by sequencing the amplicon. Q-PCRs were done using SYBR green mix (iQ-SYBR Green Supermix, Bio-Rad Laboratories). PCR reactions were performed in a 96-well thermocycler (Bio-Rad iCycler) using a temperature program starting with 3 min at 95°C then 40 cycles consisting of 15 s at 95°C and 45 s at 57°C and Wnally the melting temperature of the ampliWed product was determined to verify the presence of a single product. Five microliters of 25-fold diluted cDNA was used per sample. Technical and biological replicates were always performed. Both actin 2/7 and ubiquitin 7 were used as internal control genes, to correct for diVerence in cDNA amounts. Diluted DNasetreated RNA was also included in the Q-PCR as a control for genomic DNA contamination.
Relative mRNA levels were calculated following the Bio-Rad outlined methodology based on Vandesomple et al. (2002) and corrected for PCR eYciencies, which were determined using dilution ranges (0.1-10 pg/ L). The average of two biological repeats and two technical repeats is depicted together with the SE. When error bars were omitted in graphs, biological replicates showed the same trend but the absolute amounts were diVerent-in these cases, only one biological replicate is shown.
Semi-quantitative PCR
Semi-quantitative PCRs were performed using 5 L of 25-fold diluted cDNA, buVer IV, 2.5 mM MgCl 2 , 0.5 unit Red Hot Taq DNA polymerase (all from ABgene Limited, Epson, Surrey, UK), 0.4 mM dNTPs (Fermentas, St. LeonRot, Germany), and 0.1 M primers (Table 1 ) in a reaction of 30 cycles, each comprising of 15 s at 95°C (denaturation), 30 s at 57°C (primer annealing) and 10 s at 72°C (extension time).
In situ hybridization
The RNA probes were synthesized by transcribing bases 1,467-1,648 of the CYP707A1 cDNA using T7 (sense) and SP6 (anti-sense) RNA polymerase and digoxigenin (DIG)-labeled UTP (Roche Applied Science, Basel, Switzerland). DIG labeling eYciencies were tested by a spot assay. Tissue Wxation was done as described by Bereterbide et al. (2002) . Embedded tissues were sliced into 8 m sections. Paraplast Plus (Sigma-Aldrich, St. Louis, MO, USA) was removed with Histoclear (National Diagnostics, Atlanta, GA, USA), sections were hydrated, immersed in TE (TrisHCl pH 7.5, 10 mM EDTA) and a proteinase K treatment was performed. Sections were then dehydrated again, and air dried for 2-3 h. The slides were incubated in a humidiWed box overnight at 50°C, in 150 L hybridization mixture (50% formamide, 0.5 g/mL tRNA, 10% (w/v) dextran sulfate, 300 mM NaCl, 5 mM EDTA, 10 mM Tris-HCl pH 7.5) supplemented with 100 ng of probe. The next morning slides were immersed in a series of SSC (Na 3 citrate, NaCl) washing buVers until 0.5£ SSC. Anti-DIG alkaline phosphatase-coupled antibody (Roche Applied Science) was diluted 500-fold in 1% (w/v) BSA solution and after blocking a volume of 150 L was added to the slides and incubated in a humid chamber at 37°C for 1.5 h. After two washes, the slides were put in color substrate reaction buVer [100 mM NaCl, 5 mM MgCl 2 , 100 mM Tris-HCl pH 9.0, 10% (w/v) polyvinylalcohol, 0.24 mg/mL Levamisole (Sigma-Aldrich), 5 L/mL NBT and 3.75 L/mL BCIP (Roche Applied Science)] in the dark until purple staining appeared. Staining was stopped by immersing the slides in TE.
Overexpression lines
To generate transgenic overexpression SlCYP707A1 lines, the coding region (base 6-1,478) was PCR ampliWed and cloned in the Gateway entry vector pENTR/D-TOPO vector (Invitrogen, Carlsbad, CA, USA). SlCYP707A1 coding region was recombined between the CauliXower Mosaic Virus 35S promoter in the pGD625 vector (Chalfun-Junior et al. 2005 ) and the NOPALINE SYNTHASE terminator. Water stress experiment
Pots of wild type and SlCYP707A1 overexpression lines of the same age and size were saturated with water at the start of the experiment. Plants were withheld water from then on. Photographs were taken 72 h after start of the experiment.
Leaf surface area
Leaf surface area was measured for four compound leaves of 2 months old tomato plants on a Li-3100 area meter (LiCor, Lincoln, NE, USA). Average leaf surface is depicted with SD. Leafs were always picked at the same height.
Accession details
GenBank accession numbers:
DFCI Tomato Gene Index accession numbers: TC175556, TC154638, TC154637, TC156234, SlCYP707A2 (TC177455), SlCYP707A4 (TC186477).
Results
ABA content
Abscisic acid signaling and ABA response genes are highly expressed in unpollinated ovaries and their expression decreases upon pollination (Vriezen et al. 2008) , suggesting a concomitant decrease in ABA concentration. To conWrm this assumption, ABA concentration was determined in ovaries at several time points before and after pollination. Figure 1 shows that the free-ABA level in ovaries signiWcantly decreased from 6.7 ng/mg DW before pollination (C0) to 2.4 ng/mg DW 3 days after pollination (dap). In contrast, if ovaries were kept unpollinated during the same period, the free-ABA level increased to 7.6 ng/mg DW (C3).
Regulation of ABA biosynthesis
It is generally accepted that the cleavage reaction catalyzed by 9-cis-epoxy-carotenoid dioxygenases (NCED) is a major rate-limiting step and point of regulation in ABA biosynthesis (Qin and Zeevaart 2002) . In other species, such as Arabidopsis and rice, NCED enzymes are encoded by small gene families composed of Wve and three members, respectively (Tan et al. 2003) . However, in tomato Fig. 1 ABA concentration decreases in ovaries after pollination. ABA concentration in unpollinated ovaries of emasculated Xowers at full bloom (C0) and in unpollinated ovaries 3 days after full bloom (C3), and 1-3 dap: 1, 2, and 3 days after pollination. Mean values (n = 3) § SE are depicted only one NCED (LeNCED1) has been identiWed so far, and shown to have 9-cis-epoxy-carotenoid cleavage activity. In an attempt to obtain a complete overview of the transcriptional regulation of the whole NCED gene family in tomato, we searched the DFCI Tomato Gene Index and NCBI EST databases for sequences homologous to LeNCED1 or to one of the Wve known Arabidopsis genes. The neighbor joining tree in Fig. 2 shows that the four tomato sequences most similar to LeNCED1 did not group together with the LeNCED1 and the other functional NCED genes from Arabidopsis, rice, potato and maize. Three of the four tomato sequences (TC175556, TC154638, and TC154637) formed a separate group, while the other sequence (TC156234) grouped together with other carotenoid cleavage dioxygenases (CCDs) that are not known to be related to ABA biosynthesis (Tan et al. 2003) . In addition, the deduced amino acid sequences of the four tomato sequences were less than 35% identical to the functional Arabidopsis or tomato NCED amino acid sequences. Therefore, we think it is highly likely that no additional functional NCED genes are present in the tomato genome.
LeNCED1 mRNA levels decreased after pollination in both the ovules and placenta tissue and the pericarp (Fig. 3a) . Semi-quantitative PCR analysis, with speciWc LeNCED1 primers, revealed that it is expressed equally in wall, ovules and placenta in unpollinated ovaries (Fig. 4a) . After pollination, there is a decrease in expression in wall and ovules. Because of its equal distribution throughout the unpollinated ovary, no in situ hybridization was performed for LeNCED1.
Regulation of ABA catabolism
Abscisic acid concentration is regulated by catabolism as well as synthesis. In plant cells, ABA is mainly inactivated by 8Ј-hydroxylation (Nambara and Marion-Poll 2005) , which is in Arabidopsis catalyzed by four cytochrome P450 mono-oxygenases, AtCYP707A1 to AtCYP707A4 (Kushiro et al. 2004) . We previously identiWed a tomato homolog of AtCYP707A4, which was strongly induced in the ovary after pollination (Vriezen et al. 2008) . We have now isolated and characterized the corresponding full-length (1,742 bp) cDNA clone from a tomato ovary cDNA library. The deduced amino acid sequence is highly homologous to the Arabidopsis CYP707A4 protein (65% amino acid identity) and Solanum tuberosum CYP707A2 gene (95% identity). The tomato protein (designated SlCYP707A1) contains the highly conserved cysteine residue (within the PFGNGTHSCPG motif), which is the putative heme-ironligand, common to all P450s and essential for catalytic activity (Kushiro et al. 2004) . A database search yielded three more putative CYP707A ESTs (TC177455, AI484420, and TC186477) that share between 61 and 68% sequence identity with SlCYP707A1 at nucleotide level. Their deduced protein sequences are each 70-74% identical with one of the four Arabidopsis AtCYP707A proteins. We, therefore, consider the three genes to encode putative ABA 8Ј-hydroxylases, and designated them SlCYP707A2, SlCYP707A3 and SlCYP707A4.
The mRNA levels of the four putative tomato CYP707A genes were determined in emasculated Xowers 3 days after full bloom (control) and 3 days after pollination in tomato ovaries. Figure 3b shows that the mRNA concentration of SlCYP707A1 strongly increased after pollination in whole ovaries and it reached a much higher level than the mRNA levels of the other CYP707A genes. In additional, the mRNA levels of all other putative tomato CYP707A genes were reduced after pollination. This suggests that SlCYP707A1 is the most important gene responsible for ABA catabolism in pollinated ovaries. Expression of SlCYP707A1 was also analyzed in other tissues and it is expressed in sepals, petals and pedicels (Fig. 3c) . The accumulation of SlCYP707A1 mRNA in ovaries was determined more precisely in separated ovule/placenta and pericarp tissue during the Wrst 3 days after pollination. SlCYP707A1 mRNA levels were several hundredfold up-regulated after pollination, speciWcally in ovules/placenta and not in pericarp (Fig. 3d) .
Furthermore, mRNA localization was analyzed in ovules and placenta separately. In unpollinated (control) ovaries SlCYP707A1 mRNA is present in the placenta, but not in , 3, 5, 6, 9, VP14 and OsNCED3, 5, 6 . Two other groups are formed including TC175556, TC154638, TC154637, TC156234, OsNCED1,2 and AtNCED4. Tomato sequences are underlined. For accession details see "Materials and methods" the ovules and pericarp (Fig. 4a) . In pollinated ovaries, SLCYP707A1 mRNA level is generally higher and present in both placenta and ovule tissue. In situ hybridization with a gene-speciWc probe conWrmed this localization of SlCYP707A1 in pollinated ovaries. The purple staining suggests relatively high SlCYP707A1 mRNA levels in the ovules and in the periphery of the placenta but low levels in the pericarp (Fig. 4b, c) .
Gene expression data suggest that the reduction in ABA levels that we measured after pollination could be due to increased ABA 8Ј-hydroxylation activity. To strengthen this hypothesis, we analyzed the levels of the ABA catabolic products in ovaries 3 days after pollination and 3 days after anthesis in unpollinated ovaries. These tissues are comparable to the C3 and 3 dap samples, respectively, which were used to measure ABA (Fig. 1) . Table 2 shows that the level of ABA in unpollinated ovaries was two-andhalf-fold higher than in pollinated ovaries, comparable to the measurements shown in Fig. 1 . The product of ABA 8Ј-hydroxylation is (¡)-PA which can be reduced to (¡)-DPA (Zeevaart 1999) . PA levels did not change, but DPA levels increased from 0.44 to 1.20 ng/mg DW in ovaries after pollination. 7Ј-and 9Ј-ABA hydroxylation can also inactivate ABA in several plant species (Nambara and Marion-Poll 2005) . The product of ABA 9Ј-hydroxylation is 9Ј-hydroxy ABA which is converted to neo-phaseic acid (neo-PA). In tomato ovaries, a considerable amount of neo-PA was present, but this was not aVected by pollination. The presence Fig. 3 a Relative mRNA levels of LeNCED1. LeNCED1 mRNA levels decrease in both pericarp and ovules/placenta after pollination. b mRNA levels of SlCYP707A1, SlCYP707A2, SlCYP707A3, and SlCYP707A4 (CYP1-CYP4) in ovaries 3 days after full bloom (control) or after pollination. c mRNA levels of SlCYP707A1 in diVerent generative and vegetative tissues of tomato; hypocotyl (H) and root (R) tissue from 10-day-old seedlings, and pedicel (P), sepal (Se), petal (Pt), anther (A) and ovary (O) tissue from Xowers 3 days before full bloom. d mRNA levels of SlCYP707A1 in more detail in separated ovules/ placenta and pericarp tissue. SlCYP707A1 mRNA levels are increased after pollination speciWcally in ovule/placenta tissue. Mean values (n = 4) § SE of 7Ј-hydroxy ABA was also detected, but its level was low and could not be quantiWed signiWcantly. The amount of a conjugated form of ABA, ABA-glucosyl ester (ABA-GE), decreased from 1.32 to 0.65 ng/mg DW in ovaries after pollination (Table 2 ).
Functional analysis of SlCYP707A1
To prove that the SlCYP707A1 gene is coding for a functional ABA 8Ј-hydroxylase, we overexpressed its coding region under control of the 35S-promoter in tomato. Several transgenic lines were obtained, of which the line with the highest overexpression level was further analyzed. Figure 5a shows the SlCYP707A1 mRNA levels in unpollinated mature ovaries. The SlCYP707A1 overexpression line has approximately 45-fold higher mRNA levels than wild type. Consequently, the free-ABA level in unpollinated ovaries was 46% lower in SlCYP707A1 overexpression plants than in wild-type plants (Fig. 5b) , conWrming the ABA 8Ј-hydroxylase activity of SlCYP707A1. The overexpression plants have a smaller leaf surface area and wilt stronger 72 h after water with holding than wild-type plants (Fig. 5c, d ). In addition, we also observed the initiation of adventitious root growth on the stem of the SlCYP707A1 overexpression plants (Fig. 5e ).
Hormone crosstalk
Because fruit set is induced by GA and auxin, we were interested in the eVect of these hormones on the activity of both, the LeNCED1 gene and the SlCYP707A1 gene. The LeNCED1 mRNA level in ovaries was lower after GA 3 treatment or 4-Cl-IAA treatment and comparable to the levels found after pollination (Fig. 6a) . ABA treatment, however, increased the mRNA level of LeNCED1. SlCYP707A1 mRNA level was not aVected by GA 3 treatment in contrast to pollination, 4-Cl-IAA treatment, or ABA treatment, which all had a stimulating eVect (Fig. 6b) . a Semi-quantitative PCR with LeNCED1 and SlCYP707A1 speciWc primers, and actin 2/7 as an internal control gene. LeNCED1 is equally expressed in wall, placenta and ovules of unpollinated ovaries and expressed lower after pollination in wall and ovules. SlCYP707A1 is weakly expressed in the placenta of unpollinated ovaries and expressed higher in both ovules and placenta in pollinated ovaries. In situ hybridization with a sense (b) and anti-sense (c) RNA probe of SlCYP707A1. Alkaline phosphatase activity gives a purple staining. Bar represents 100 m 
Discussion
ABA content
Fruit set is an agro-economically important process, in which hormones play a pivotal role. Gibberellins and auxins were known previously to induce fruit growth and, by demonstrating that ABA signaling is high in mature ovaries and decreases after pollination, we have recently suggested a role for ABA in fruit set (Vriezen et al. 2008) . In additional, ABA has been immuno-localized in the ovary of Arabidopsis and cucumber, indicating a function for ABA in these tissues (Peng et al. 2006) . Previously, Kojima et al. (1993) had measured relatively high levels of ABA in unpollinated pistils compared to 10-day-old tomato fruits. Here, we demonstrate that within 3 days the free-ABA content of pollinated tomato ovaries decreases to approximately 30% of that in unpollinated ovaries. A decrease in ABA concentration to 50 or 25% of the original concentration has also been measured in other physiological systems, such as in dormancy breakage in seeds (Chiwocha et al. 2005 ) and tubers (Destefano-Beltran et al. 2006) . The relative decrease in ABA content in the tomato ovary is comparable to those observed in other processes in which ABA level is of physiological importance.
Regulation of ABA biosynthesis and catabolism
Abscisic acid concentration is actively regulated in ovaries, as we found biosynthesis genes to be down-regulated and ABA catabolism genes to be induced in the ovary after fruit initiation. NCED genes are often encoded by a small gene family. However, we were not able to Wnd putative NCED genes other than LeNCED1 in the tomato sequence databases, which contain 213,947 ESTs and 41,425 unique sequences. The three other CCDs described are probably not related to ABA biosynthesis as they do not group with LeNCED1. Moreover, TC154637 and TC154638 have already been described as carotenoid cleavage dioxygenase 1 genes involved in volatile terpenoid production (Simkin et al. 2004) . Therefore, LeNCED1 appears to produce the most represented NCED transcript in ovary and possibly is the only NCED gene in tomato. In addition, the fact that the notabilis mutant with a mutation in the LeNCED1 gene has a strong ABA-deWcient phenotype (Burbidge et al. 1999; Thompson et al. 2004) indicates that this gene has a prominent role in ABA biosynthesis. Transcript levels for this gene decreased after pollination concomitant with the decrease in ABA concentration, indicating that LeNCED1 regulation directly aVects biosynthesis of ABA in the mature ovary. Transcription levels of a gene very homologous to an Arabidopsis ABA 8Ј-hydroxylase (AtCYP707A4) were strongly induced speciWcally in ovules and placenta tissue, in contrast to the mRNA levels of the three other putative tomato CYP707A genes. Similarly, the CYP707A genes in Arabidopsis are also diVerentially expressed, for instance during dehydration and rehydration responses and during seed dormancy (Kushiro et al. 2004; Okamoto et al. 2006) . The deduced protein sequence of SlCYP707A1 has very high homology to AtCYP707A4. Moreover, we have indirectly proven that the SlCYP707A1 gene encodes a functional ABA 8Ј-hydroxylase by overexpressing it in tomato. This resulted in reduced ABA levels and ABA-deWcient phenotypes, such as adventitious rooting, reduced leaf surface area and increased wilting. These characteristics have also been described for the tomato ABA-deWcient mutants sitiens, notabilis and Xacca (Taylor and Tarr 1984; Burbidge et al. 1999) . The remarkably large increase we found in SlCYP707A1 mRNA levels suggests a strong induction of ABA 8Ј-hydroxylation after pollination. In addition, we showed that after pollination a higher level of DPA, the end product of the ABA 8Ј-hydroxylation pathway, was present in the ovary, suggesting that ABA 8Ј-hydroxylation was indeed induced after pollination. Interestingly, 7Ј-and 9Ј-hydroxylation of ABA also takes place in tomato. However, no diVerences were found between 7Ј-hydroxy ABA and neo-PA levels in ovaries after pollination, suggesting that these conversions take place, but do not attribute to the decrease in ABA levels after pollination. Thus, ABA 8Ј-hydroxylation is the major ABA catabolic pathway in tomato ovaries (our work) as was suggested for Arabidopsis (Kushiro et al. 2004) . ABA can be transported and stored as ABA-GE (Nambara and Marion-Poll 2005) and the high levels in unpollinated ovaries could mean that ABA-GE is transported to and stored in the ovary. Altogether, these data strengthen our hypothesis that after pollination ABA levels are reduced mainly through ABA 8Ј-hydroxylation. The speciWc localization of SlCYP707A1 in ovules and placenta might indicate that embryo or seed formation requires rapid removal of ABA. The localization of SlCYP707A1 mRNA is comparable to the localization of the hormone ABA in the ovules of Arabidopsis and cucumber (Peng et al. 2006) . The decrease in mRNA levels of the three other putative tomato CYP707A genes might be explained by the reduction in ABA concentration, since positive feedback from ABA on CYP707A expression has been found in Arabidopsis (Kushiro et al. 2004; Umezawa et al. 2006) , potato (Destefano-Beltran et al. 2006 ) and by us in tomato (Fig. 6b) .
Hormone crosstalk
Auxin has been shown to interact with several hormones via regulation of expression of genes encoding biosynthetic or catabolic enzymes (Ross and O'Neill 2001) . A fertilization-induced increase in auxin signaling most likely regulates the expression of ABA biosynthesis and catabolism genes during tomato fruit set, since we could show that auxin treatment reduced LeNCED1 transcript levels and increased SlCYP707A1 transcript levels. GA 3 treatment also reduced LeNCED1 gene expression but it had no eVect on SlCYP707A1 gene expression. Therefore, auxin, via GA, or both hormones together regulate LeNCED1 gene expression, whereas SlCYP707A1 expression seems to be regulated by auxin alone. This would be consistent with auxin inducing GA biosynthesis, but not vice versa (Vriezen et al. 2008; de Jong et al. 2009 ). It seems likely that a pollination-induced auxin increase precedes the GA increase, as summarized in Fig. 7 . This hormonal signaling cascade may also lead to a reduction in the ABA content via changes in LeNCED1 and SlCYP707A1 expression. In the promoter of LeNCED1, auxin, GA, and ABA response elements were identiWed (Thompson et al. 2004) , consistent with LeNCED1 being regulated by all three hormones.
Since we found that LeNCED1 is positively regulated by ABA, a decrease of ABA content after pollination might also contribute to the decrease in its mRNA levels. A positive feedback of ABA levels on NCED mRNA levels has been shown in Arabidopsis (Wan and Li 2006) . However, Thompson et al. (2000) showed that ABA had no eVect on LeNCED1 expression in a detached leaf assay. DiVerent tissues might thus have diVerent regulatory mechanisms of LeNCED1 expression. The increase in SlCYP707A1 levels cannot be caused by a lower content of ABA, because this gene is also positively regulated by ABA.
Function of ABA during fruit set
In a mature unpollinated ovary, many cell cycle genes, such as LeCDKB1,2, CycA1,2 and CycD3, are relative lowly expressed (Vriezen et al. 2008 ). In addition, the relative expression level in the mature tomato ovary of two genes homologous to PsDRM1, which proved to be excellent dormancy (DRM) markers in pea (Stafstrom et al. 1998) , are high. Together, this suggests that the mature ovary before pollination has entered a temporarily dormant state, during which the tissue is quiescent. It is known that ABA can directly inXuence the cell cycle via suppression of CDKA1 expression (Smalle et al. 2003) or stimulation of the ICK1 (an inhibitor of CDK action) expression (Wang et al. 1998 ), thereby inhibiting cell division and inducing an quiescent state. We know that the ABA signaling and response pathway are active in the unpollinated mature ovary (Vriezen et al. 2008 ). In addition, in the research presented here, we have shown that ABA levels are relatively high in mature ovaries and are down-regulated after pollination. Based on these observations, a hypothesis is that ABA inhibits growth until fruit set. The post-pollination increase of auxin and GA levels may directly or indirectly repress ABA biosynthesis. However, we were unable to induce fruit set by application of an ABA biosynthesis inhibitor, Xuridone. Neither could we inhibit fruit set by ABA application to pollinated ovaries (data not shown). This might indicate that not only the concentration of ABA but rather the hormonal balance of ABA and other hormones, such as auxin and GA, is important. Similarly, the potential of axillary bud outgrowth is determined by a balance of the hormones such as cytokinin, auxin and ABA (Shimizu-Sato and Mori 2001). Besides inhibition of growth, ABA can also induce tolerance to several abiotic stresses, such as heat stress, cold stress and drought stress (Bartels and Sunkar 2005; Gusta et al. 2005; Bonham-Smith et al. 2008) . For example, ABA induces dehydrins which are proteins with a potential in vivo role in stabilizing cells under abiotic stress (Kalemba and Pukacka 2007) . Several dehydrins are indeed higher expressed in the mature unpollinated ovary (Vriezen et al. 2008) . A putative protective function for ABA might Fig. 7 Model of the hormonal interactions after pollination. Pollination induces an increase in auxin concentration and subsequently an increase in GA concentration. Both an increase in GA and IAA levels inhibit the expression of the LeNCED1 gene (ABA biosynthesis), while only increased IAA levels can stimulate the expression of the SlCYP707A1 gene (catabolism), ABA levels therefore decrease become more apparent during unfavorable environmental conditions when ABA protects the mature ovary during its temporal dormant state.
